Estuaries are highly variable environments where fish are subjected to a diverse suite of habitat features (e.g., water quality gradients, physical structure) that filter local assemblages from a broader, regional species pool. Tidal, climatological, and oceanographic phenomena drive water quality gradients and, ultimately, expose individuals to other habitat features (e.g., stationary physical or biological elements, such as bathymetry or vegetation). Relationships between fish abundances, water quality gradients, and other habitat features in the Sacramento-San Joaquin Delta were examined as a case example to learn how habitat features serve as filters to structure local assemblages in large river-dominated estuaries. Fish communities were sampled in four tidal lakes along the estuarine gradient during summer-fall 2010 and 2011 and relationships with habitat features explored using ordination and generalized linear mixed models (GLMMs). Based on ordination results, landscape-level gradients in salinity, turbidity, and elevation were associated with distinct fish assemblages among tidal lakes. Native fishes were associated with increased salinity and turbidity, and decreased elevation. Within tidal lakes, GLMM results demonstrated that submersed aquatic vegetation density was the dominant driver of individual fish species densities. Both native and non-native species were associated with submersed aquatic vegetation, although native and non-native fish populations only minimally overlapped. These results help to provide a framework for predicting fish species assemblages in novel or changing habitats as they indicate that species assemblages are driven by a combination of location within the estuarine gradient and site-specific habitat features.
Introduction
Estuaries frequently exhibit clear gradients in environmental conditions that can act as regional filters on local fish assemblages (sensu Smith and Powell 1971) . Direct physiological limitation by the freshwater to marine salinity gradient is the most consistent predictor of broad estuarine fish distribution (Gunter 1961; Boesch 1977) . Other gradients can also impact species distributions (e.g., turbidity, Cyrus and Blaber 1987; nutrients, Underwood et al. 1998) ; however, these gradients can shift on daily, monthly, and seasonal timeframes due to changing tidal, climatological, or oceanographic phenomena (Rozas 1995; Feyrer et al. 2015) . Estuarine nekton distribute themselves along this fluctuating salinity regime according to their physiological tolerances (Peterson 2003) . Within this salinity regime, other habitat elements influence the distribution and abundance of nekton, including bathymetry (Martino and Able 2003) , presence and type of vegetation (Odum 1988; Rozas and Odum 1988; Sogard and Able 1991) , access to intertidal areas (McIvor and Odum 1988; Kimmerer 2004) , and biotic interactions (Crain et al. 2004; Alcaraz et al. 2008) . These habitat features are typically fixed and thus less variable than fluctuating gradients (Weinstein et al. 1980) . For example, fish assemblages in river systems within the Communicated by Mark S. Peterson Chesapeake Bay respond primarily to salinity changes along a gradient and then to structural habitat elements within the region defined by salinity (Wagner and Austin 1999) .
This structuring of habitat elements, from landscape-scale gradient to fine-scale habitat, strongly influences the distribution of fishes with respect to their environment. Each of these habitat elements acts hierarchically to "filter" fishes from the overall species pool (sensu Smith and Powell 1971; Peterson 2003) . The variability inherent in estuaries, however, can make identification of distributional drivers across multiple spatial scales difficult. Further complicating these relationships are anthropogenic modifications to estuaries, which affect both landscape gradients and fine-scale habitat aspects. This includes channelization that affects the salinity gradient by enhancing tidal excursion and other modifications that may alter or destroy habitats such as tidal marshes (Kennish 2001) . Additionally, the introduction of non-native species, typically with unpredictable habitat associations and ecological impacts, can further obfuscate the relationships between native fishes and habitat.
The San Francisco Estuary (SFE) in California, USA, is a large, highly altered estuary where heavy anthropogenic modifications have moderated estuarine variability (Conomos et al. 1985; Monismith et al. 2002; Monsen et al. 2007 ). Hydrodynamic variability is constrained by year-round dam releases designed to maintain a consistent salinity gradient (Knowles 2002; Lund et al. 2008) , which dampens variability in several other hydrodynamic variables including turbidity (Durand et al. 2016 ) and temperature . In addition to a Table 2 Table 1 Summary statistics of each tidal lake. Mean ± SD is given for depth and all water quality variables, with minimum and maximum included for water quality data Tidal lake modified hydrology, the SFE has been modified structurally (Lund et al. 2007 ). These alterations have resulted in the loss of many geomorphic features important for local species richness, such as tidal marsh with complex dendritic channels (Atwater et al. 1979; Whipple et al. 2012) , sloughs with heterogeneous bathymetry (Meng and Matern 2001; Desmond et al. 2000; Visintainer et al. 2006) , and intertidal areas dominated by emergent vegetation (Brown 2003; Whipple et al. 2012) .
Additionally, the SFE has a long history of species introductions and is recognized as one of the most highly invaded estuaries in the world Carlton 1995, 1998) . Non-native biota are particularly dominant in the upstream portion of the SFE, the Sacramento-San Joaquin Delta (Delta), where the estuarine gradient between more saline water and freshwater is consistent across years and has a strong impact on Delta fish assemblages (Matern et al. 2002; Feyrer and Healey 2003; Nobriga et al. 2005; Moyle et al. 2012; Feyrer et al. 2015) . Rapidly proliferating non-native submersed aquatic vegetation (SAV), an important structural element in many aquatic habitats (Carpenter and Lodge 1986) , has contributed to altered physical structure and water quality of littoral habitats Delta-wide (Hestir 2010) . The spread of SAV has been concomitant with native fish decline in littoral habitats and commensurate increases in non-native fishes (Brown and Michniuk 2007) , including piscivorous largemouth bass Micropterus salmoides (Conrad et al. 2016) . Brazilian waterweed Egeria densa dominates many littoral SAV assemblages and is presumed to be the primary SAV species driving fish assemblage changes; however, the impact of SAV on local fish assemblages can differ based on the species of SAV (Rozas and Odum 1988; Grenouillet et al. 2002) . These novel fish assemblages are dominated by freshwater non-native species, many of which are well-adapted to the relatively stable conditions characteristic of the contemporary Sacramento-San Joaquin Delta ) although they are potentially poorly adapted to historic variability. This combination of changes to the physical structure and biotic community has led to the recognition that in many ways the Sacramento-San Joaquin Delta is a novel ecosystem (Hobbs et al. 2006; Mount et al. 2012) . In this study, we evaluate fish-habitat relationships among and within regional tidal habitats in the Sacramento-San Joaquin Delta on multiple spatial scales and address the following questions: (1) How do fish assemblages and environmental variables differ among regions, and which environmental variables are related to assemblage differences? (2) What fine-scale physical habitat features, including SAV species composition, affect the density of abundant fish species? We then identify whether native and non-native species respond differentially to broad environmental gradients, fine-scale habitat structure, or both. This study is important because it allows us to assess the relationships of novel fish assemblages to novel habitats and thus inform a framework for predicting possible fish assemblages associated with intended (e.g., habitat restoration; Herbold et al. 2014) 
Methods

Study Area
The Sacramento-San Joaquin Delta (Delta) is a 2985 km 2 network of channels and tidal habitats comprising the freshwater extent of the tidal San Francisco Estuary (Fig. 1) . The largest and most discrete of these tidal habitats are open-water regions formed when reclaimed marshlands subside below sea level due to compaction and oxidation from agriculture and are Table 2 tidally reconnected to the estuary through levee failures. Most of the levees remain intact, with only a few breaches connecting these tidal lakes to the estuary. Each of these tidal lakes (or, colloquially, "flooded islands") has distinctive physical characteristics (e.g., elevation) related to age, former land use, and location within the gradient between turbid, cooler, saltier areas closer to San Francisco Bay and clearer, warmer, fresher areas near the central Delta. We chose the four largest, longest inundated tidal lakes in the Delta, spanning a gradient of conditions, to sample in this study.
Mildred Island (ML) is the farthest east and is the most recently flooded with levee failure in 1983 (Lund et al. 2007 ). Due to its long history of intensive cultivation, Mildred Island exhibited substantial subsidence prior to flooding and is currently the deepest Delta tidal lake (mean elevation relative to mean sea level − 3.2 ± 1.2 m). It is the smallest lake studied by area (~4 km 2 ); although due to its elevation, it is not the smallest by volume. Because it is farthest from any marine influence, Mildred Island is the warmest and freshest of the four lakes in this study (Fig. 2) . The center of the lake is too deep for SAV colonization (~4-5 m; Durand et al. 2016) , with just a narrow strip of shallow, littoral habitat fringing the perimeter densely colonized by SAV.
Mildred Island is relatively isolated hydrodynamically, as its perimeter levee is breached in only a few places (Lucas et al. 2002) .
Franks Tract (FT) is~13 km 2 and is located 10 km northwest of Mildred Island. It is bordered by distributary channels of the San Joaquin River. Franks Tract was flooded in 1938, and this shorter period of cultivation resulted in less subsidence and a relatively shallow lake (mean elevation − 1.5 ± 0.6 m). The levee surrounding Franks Tract is perforated with numerous small and three relatively large (> 100 m) breaches. The center of Franks Tract is shallow enough to allow for SAV colonization, resulting in dense stands of SAV throughout the interior of the lake.
Ten kilometers west of Franks Tract is Big Break (BB;6 km 2 ), located just upstream of the confluence of the Sacramento and San Joaquin rivers. Big Break was permanently inundated in 1928 with minimal subsidence; therefore, Big Break is shallow (mean elevation − 0.7 ± 0.6 m). The entire western levee of Big Break has eroded, opening the lake to the adjacent San Joaquin River. Like Franks Tract, Big Break is shallow and has dense SAV growth throughout the lake.
Sherman Lake (SH;~7.5 km 2 ), located near the confluence of the Sacramento and San Joaquin rivers, is the Fig. 5 Predicted CPUE of tule perch against percent composition of Egeria densa (EGDE). The leftmost panel shows the predicted relationship of tule perch CPUE with SAV given that 0% of the SAV is EGDE, while the rightmost is the predicted relationship if 100% of the SAV is EGDE. The dashed line is the predicted mean CPUE, the thin dark ribbon around the mean is the 95 percentile intervals for the mean, and the broader light ribbon denotes the 95% prediction intervals for the model farthest west and flooded prior to 1920 (California Department of Fish and Wildlife 2007) . With many breaches in the remnant levee along both the Sacramento and San Joaquin rivers, it is heavily impacted by riverine flow. Sherman Lake is the tract nearest to San Francisco Bay and is thus most strongly affected by salinity and temperature fluctuations. Unlike the other flooded tracts, agricultural activity on Sherman Lake was minor. Instead, the tract was primarily used for deposition of dredge spoils, a practice which continued into the 1960s. This legacy of brief inundation length, minimal subsidence, and addition of substrate has resulted in a shallow tract (mean elevation − 0.3 ± 1.3 m), with large areas at or above mean sea level. Sherman Lake is the second largest sampled tidal lake by area, including an extensive~0.3 km 2 marsh complex along the western boundary of the tract (Fig. 1) ; however, Sherman Lake contains the least volume. Because Sherman Lake is farthest downstream, it is typically the most saline lake (Fig. 3) . Similar to Franks Tract and Big Break, the open, subtidal region of Sherman Lake is colonized by SAV. Despite all of these differences between tidal lakes, pelagic primary productivity has declined and is generally low Delta-wide (< 4 μg L −1 ; Jassby et al. 2002) .
Data Collection
We sampled summer fish assemblages monthly from July through November of 2010 and July through October of 2011 by boat electrofishing. We used an 18-ft Smith-Root EHD electrofishing vessel equipped with a 5.0 GPP electrofisher, a model rated effective to specific conductivity of 5500 μS. To ensure that all sampling events were below this threshold, we measured ambient specific conductivity prior to sampling. The maximum measured specific conductivity during a sampling bout was 3457 μS (Table 1) , well below the 5500 μS threshold. This method was chosen because of its success in other shallow, heavily vegetated aquatic habitats in the Delta (Brown and Michniuk 2007; Conrad et al. 2016) . Electrofishing was conducted along 300-m transects oriented parallel to shore with each transect selected by random point generation using GIS software and filtered so that each point was greater than 500 m from every other point on any given sampling day to ensure independence among samples. During each month, eight 300-m transects were sampled along the perimeter of each lake. To ensure that all habitat types in each lake were adequately sampled, an additional 2-5 transects were sampled in the marsh complex of Sherman Lake. Marsh habitats were absent in the other tidal lakes. In 2011, we sampled three additional transects within the center of each lake, each located greater than 100 m from the closest shore. These three transect types were classified as littoral, marsh, and pelagic. All fishes were netted, placed in an aerated live well until fully recovered, identified, measured to fork length (total length for species with no fork in tail), and released. Juvenile fish in the genus Lepomis smaller than 40 mm fork length were identified as Lepomis sp. Fish in this category were most abundant in July of both years. Larger lepomids (40-50 mm FL) in subsequent months were in approximate proportion to adult fishes of the same genus. Thus, for statistical analysis, all juvenile fish identified as Lepomis sp. were assigned a species based on the proportion of adults from the same site. After each transect was sampled, we recorded temperature
), specific conductivity (μS), and turbidity (NTUs) using a YSI6920 sonde, and tidal phase (i.e., high, low, ebb, flood). Emergent vegetation was assessed by driving the transect in reverse and visually estimating the percent of the shoreline bordered by emergent vegetation. SAV percent areal coverage was assessed in the same fashion. SAV and emergent vegetation coverage were not measured as part of the same total (i.e., SAV + emergent did not equal 100%) because emergent vegetation assessments were based on the adjacent shoreline rather than the sampled transect. Species composition of SAV was assessed by using a garden rake to bring vegetation onto the boat and identify the proportion of species present. At high tide (depth > 1 m) and/or during periods of high turbidity (NTU > 10), the transect would be revisited at low tide to assess SAV areal coverage and species composition (9% of transects). Mean elevation relative to mean sea level for each transect was extracted from bathymetric LiDAR courtesy of the California Department of Water Resources and the United States Geological Survey (http://baydeltaoffice.water.ca.gov/modeling/deltamodeling/ modelingdata/DEM.cfm).
Statistical Analysis Question 1-How Do Littoral Fish Assemblages and Environmental Variables Differ Across Tidal Lakes?
To compare differences in littoral fish assemblages among tidal lakes, we compiled all of the fish data per sampling day Smith and Powell 1971) applied to fish assemblages at Sherman Lake (top) and Mildred Island (bottom). Solid lines represent individual species, and gray ovals represent "filters" which act to exclude species. Species with traits unsuitable for "passing through" these filters are limited in CPUE (-) or excluded (x) at lower levels. For each lake, two different microhabitat types are included, SAV (left) and tidal marsh (right). Species codes are in Table 2 . Assignation of physiological filters based on observed salinity and temperatures and lethal and preferred values summarized in the literature (Moyle 2002) per lake. We then ordinated a matrix of Bray-Curtis dissimilarities using non-metric multidimensional scaling (NMDS) with the package "vegan" in Program R (Oksanen et al. 2018; R Core Team, 2016) . NMDS is preferable over other ordination methods because it does not require data that are normally distributed and it is relatively robust to zeroinflated community data (Zuur et al. 2007 ). The stability of the ordination is measured by stress, which describes the degree to which the ordination accurately simplifies the original data. Stress values below 0.1 signify the ordination is a good fit and highly robust, values below 0.2 suggest the ordination is less robust but is still useful for interpretation, and stress values greater than 0.3 suggest the ordination is a poor fit. We used a minimum of 1000 random starts and 5000 iterations to ensure that the ordination was an accurate reflection of the data and that the ordination did not converge on a local, rather than absolute, stress minimum. A 95% confidence ellipse was projected around the centroid of the NMDS points corresponding to each tidal lake and year. Using the function envfit (R: vegan), we fit all measured environmental variables to the ordination, including temperature, specific conductivity, dissolved oxygen, pH, turbidity, elevation, percent cover SAV, and percent border emergent vegetation. Fitting these environmental variables identifies the direction within ordination space in which continuous environmental variables change most rapidly, and whether environmental variables are significantly correlated with ordination axes. We plotted both tidal lakes and fish species on the ordination biplot to identify trends in species distribution, as well as the significant environmental variables from the envfit analysis. To assess the distribution of abundant fish species with respect to fine-scale habitat features within tidal lakes, we first identified fish species that comprised greater than 5% of sampled abundance at any single lake. For each species that met this criterion, we modeled counts of fish per transect using a series of varying intercept generalized linear mixed models (GLMMs). With these models, we used a Poisson distribution, a distribution commonly used for count data, with a log link (Eq. 1; Zuur et al. 2009 ). We chose this modeling approach because GLMMs allow for the incorporation of hierarchical information related to consistent clusters of data (Zuur et al. 2007) . In this case, the possibility of consistent differences in fish abundance across tidal lakes, sampling years, and seasons led us to include tidal lake, year, and month as random effect variables (denoted as α, Eq. 1).
This allowed us to account for the effect of inter-lake environmental gradients, as well as inter-annual and seasonal differences and isolate fine-scale habitat variables. All random effects (Eq. 2) were assigned weakly informative priors for mean, modeled using a Gaussian distribution, and variance, modeled using a half-Cauchy distribution (Polson and Scott 2012) .
μ∼N 0; 10 ð Þ σ∼cauchy 0; 1 ð Þ Sampling effort was accounted for in the model by including the log of sampling time (electrofishing seconds) as an offset variable, and a modeled intercept (α). The categorical variables transect type and tide stage were coded as follows: transect type: littoral = 0, pelagic = 1, and marsh = 2; tide stage: low slack = 0, flood = 1, high slack = 2, ebb = 3. We specified weakly informative priors for all categorical variables (i.e., β p, t~N (0, 10)).
Fine-scale habitat variables were included in the model (Eq. 1) as linear continuous variables with weakly informative priors (i.e., β 1, 2, 3, 4, 5~N (0, 10)). This included elevation (m), temperature (C), percent cover SAV, and percent cover emergent vegetation (EV; primarily Schoenoplectus spp.). Because different species of SAV potentially have different impacts on fish distribution (Rozas and Odum 1988) , we compared additional models for all species which exhibited a relationship with SAV. These additional models included the percent composition of four different SAV species categories: Egeria densa, Ceratophyllum demersum, non-native other, and native other. All continuous variables were zscore transformed relative to the mean value in each lake, thus identifying relative differences within a lake (e.g., transforming elevation identified "shallower" or "deeper" regions within a lake). Turbidity and conductivity were not included in the model as these variables co-varied substantially across tidal lakes and had minimal within-lake variation. Due to this co-variation, turbidity and conductivity are inherently incorporated into the models as part of the lake-specific random effects.
We ran all models using Hamiltonian Monte Carlo with the package "rethinking" (McElreath 2016) in programs R and Stan (Carpenter et al., 2017; Stan Development Team 2017) . In select instances, data for a variable were missing from a site and the model incorporated Missing Completely At Random imputation to model missing values (Little and Rubin 2002) . The number of missing values for GLMMs ranged from 1 to 14 (mean = 5). We ran a parent model using all variables and refined candidate models were selected using a step-wise removal of variables until all different combinations were tested. We compared model performance using the Weighted Akaike Information Criterion (WAIC), which is calculated by taking log-likelihood means over the posterior distribution and is used to estimate out-of-sample deviance. We used all models with a WAIC weight greater than zero to create ensemble models for simulation (McElreath 2015) . In cases where no ensemble was necessary, we used the bestfitting model for simulation.
Results
Question 1-How Do Environmental Variables and Littoral Fish Assemblages Differ Among Tidal Lakes?
There was a clear gradient in water quality variables across tidal lakes (Table 1, Fig. 2 ). Specific conductivity, a proxy for salinity, was consistently highest in Sherman Lake and declined from west to east among the four tidal lakes, although occasionally all lakes had low conductivity. Turbidity decreased and temperature generally increased along the same gradient. Daily and seasonal variation in conductivity, turbidity, and temperature followed the same gradient, as Sherman Lake exhibited the most variation in these variables and variability decreased towards Mildred Island (Table 1) . SAV coverage in all lakes was uniformly high (averaging > 50%) when elevation was appropriate (< 2-3 m below sea level). Mildred Island was the only lake where the center of the lake was too deep for SAV to grow. Although SAV coverage was consistently high, the composition of SAV communities differed across lakes. SAV in Mildred Island was dominated by Egeria densa and Ceratophyllum demersum (Table 1) . Franks Tract had large stands of Potamogeton crispus and Stuckenia sp. in addition to E. densa and C. demersum. Big Break had large stands of Myriophyllum spicatum, as well as those species abundant in Franks Tract. Sherman Lake had high densities of E. densa, C. demersum, and M. spicatum, and was the only tidal lake with significant stands of Cabomba caroliniana.
We collected 15,176 fishes belonging to 27 species ( , 2.1%). Ordination results indicated strong differences in fish assemblages among most tidal lakes (Fig. 3) . A twodimensional ordination was sufficient to keep the ordination stress under 0.2 (stress = 0.19). Confidence ellipses for Big Break and Franks Tract overlapped extensively, suggesting high similarity in their fish assemblages, while Sherman Lake had minimal overlap with any other lake. Many native fishes, such as tule perch, hitch Lavinia exilicauda, Sacramento pikeminnow Ptychocheilus grandis, Sacramento splittail Pogonichthys macrolepidotus, and Sacramento sucker Catostomus occidentalis, were associated with Sherman Lake, while certain non-native species, such as threadfin shad Dorosoma petenense and white catfish Ameiurus catus, were associated with Mildred Island. Golden shiner, largemouth bass, and Mississippi silverside were abundant in all tidal lakes and thus plotted near the center of the ordination. There was high overlap between sampling months and years in the ordination, suggesting the assemblages were consistent over time. Turbidity, elevation, and conductivity were the environmental variables significantly associated with the ordination axes (envfit P values 0.042, 0.001, and 0.005, respectively). Sherman Lake was positively associated with increased turbidity, conductivity, and elevation. Mildred Island was oppositely associated with all three variables, while Big Break and Franks Tract were intermediate with respect to all three variables. Temperature and SAV abundance were not strongly associated with either ordination axis. We identified six species that comprised greater than 5% of sampled abundance at any single lake for fine-scale modeling with GLMMs: largemouth bass, redear sunfish, tule perch, Mississippi silverside, golden shiner, and bluegill. Multiple models for largemouth bass, tule perch, and bluegill exhibited a model weight greater than 0.01 (Appendix 1 Table 3,  Appendix 2 Table 4 ) and were thus used to create an ensemble. Other species each were simulated using a single, best model. In comparisons of model simulations against observed abundances, the models generally over-predicted fish abundance at intermediate densities and under-predicted at high densities (see Appendix 3 Fig. 7) , a phenomenon common with GLMMs and other modeling methods (Zuur et al. 2009 ). The effect of tidal lake was highly variable and differed for each species. This can be seen in lake-specific intercept differences for several species across the east-west gradient (e.g., bluegill, tule perch; Appendix 2 Table 4 ) and in the posterior distribution for lake-specific intercept standard deviations (Appendix 4 Fig. 8 ). The variability of lake-specific posterior standard deviations limits the applicability of these models to unsampled areas without additional data and highlights the importance of including the effect of region on modeled fish abundance. Sampling year was included in the best model or ensemble for every species except for largemouth bass, although model coefficients were relatively small and frequently overlapped with zero. Sampling month was included in the best model or ensemble for every species except for Mississippi silverside. Month effects were strongest in November, when most species had negative model coefficients.
Transect type was important for each species model. Marsh habitats were only present in Sherman Lake, where tule perch, Mississippi silverside, and golden shiner were positively associated with marsh transects, while the non-native centrarchids (largemouth bass, bluegill, and redear sunfish) were more abundant in littoral transects. Fish CPUE in pelagic transects was low for all species, likely a result of sampling inefficiency. Redear sunfish and tule perch both exhibited positive relationships with low tide as compared to other tide phases. Bluegill and Mississippi silverside were the only two species to exhibit a relationship with elevation (both were positively associated with shallow water). Largemouth bass, redear sunfish, bluegill, and tule perch displayed a positive relationship with percent cover of SAV (Fig. 4) , and golden shiner, redear sunfish, and tule perch displayed a positive association with emergent vegetation.
Every fish species that had a relationship with SAV exhibited a relationship with at least one individual SAV species category. These relationships reflected intra-lake distributional differences, suggesting SAV species was important. In some instances, the SAV species reinforced the existing relationship with SAV percent cover. For example, tule perch were generally associated with increased coverage of SAV, although this relationship was dampened if the SAV species was E. densa ( Fig. 5; Appendix 2 Table 4 ). This indicates that tule perch densities in SAV increase as the percent composition of E. densa decreases. Redear sunfish were more positively associated with C. demersum. Bluegill exhibited relationships with different SAV species in the ensemble model, with a weak positive relationship with E. densa and negative relationships with the "native other" and "non-native other" categories. Largemouth bass were positively associated with E. densa. The relationships of modeled fish species to individual SAV species were similar to the tule perch example above; the net effect of SAV cover was generally positive, but differed for certain SAV species.
Discussion
Fishes in this study responded to both broad environmental gradients (i.e., salinity, turbidity, and elevation) and fine-scale intra-lake habitat differences (e.g., vegetation type and density, transect type, and relative elevation). Native fishes were broadly associated with saline, turbid conditions while nonnative fishes were variable. Native and non-native fish species evinced similar relationships to certain stationary habitat variables, specifically SAV coverage, although had minimal overlap in space. This suggests that SAV presence alone does not drive the decline of native fish species, but rather raises the possibility of other, unmeasured variables as important habitat requirements. Our study included every large (> 4 km 2 ) and long inundated (> 25 years) tidal lake in the Sacramento-San Joaquin Delta; however, future levee breaches (either intentional or unintentional) would necessitate careful consideration of regional location and habitat configuration prior to making predictions of fish response to the resultant available habitat.
Fish Assemblages Across Tidal Lakes
Both native and non-native fish species responded to broad environmental gradients, with native species more abundant at higher salinity and turbidity and lower elevation. Because these factors all co-vary along the same gradient, it is difficult to identify the effects of each. However, each individual species likely responded to different environmental conditions in different ways. Sampled fishes were dominated by stenohaline freshwater species, some of which are sensitive to relatively small changes in salinity. This sensitivity is evidenced by the near-complete disappearance of less tolerant freshwater species (e.g., warmouth Lepomis gulosus (salinity 1-4), bigscale logperch Percina macrolepida (salinity < 4); Moyle 2002 ) and the perseverance of other, closely related species (e.g., redear sunfish (salinity 5-12) and largemouth bass (salinity < 16); Moyle 2002) across the conductivity gradient. Reduction in CPUE of bluegill is similar to that of intolerant stenohaline fishes, despite observations of bluegill across a wide salinity range in estuaries in which it is native (Peterson and Ross 1991; Peterson et al. 1993 ). This could reflect local salinity adaptation of the source population for bluegill introduction, or some other mechanisms (e.g., seasonal turbidity fluctuation, tidal dewatering of nesting sites). The general pattern of gradual species loss based on individual species tolerances is common in low-salinity zones of estuaries (Wagner and Austin 1999; Martino and Able 2003) .
The influence of turbidity on fish distributions in other estuaries is inconsistent, having a strong impact in some estuaries (Cyrus and Blaber 1987) , but not others (Marshall and Elliot 1998) . In this and other studies, conductivity and turbidity typically co-vary, making it difficult to parse out impacts of turbidity (Cyrus and Blaber 1992) . However, turbidity in the upper SFE is thought to influence the distribution and abundance of pelagic species (Latour 2016) , including delta smelt Hypomesus transpacificus , and is included in many conceptual models of the ecosystem Moyle et al. 2012) . The influence of turbidity on littoral fish distributions is likely through modification of fish behavior (e.g., predator avoidance or predation success) rather than a strict physiological limit such as that imposed by conductivity (Whitfield 1999) . Visual predators, such as largemouth bass, exhibit decreased foraging success in turbid habitats in mesocosm studies (Ferrari et al. 2014) and are frequently associated with high water clarity (Moyle 2002) . This may be reflected in the relatively low abundance of largemouth bass in Sherman Lake, the most turbid site.
Elevation is widely recognized as an important habitat element in tidal environments; elevation and tide combine to dictate inundation and therefore access to many habitats (Knieb and Wagner 1994) . All sites sampled in this study, however, are subtidal, meaning that they are inundated throughout the entire tidal cycle and habitat accessibility was not limiting. Rather than limiting inundation, the importance of elevation for these tidal lakes is to influence total lake volume and thus moderate variability in temperature, conductivity, and other factors, as well as affect overall habitat suitability. Mildred Island has demonstrably lower exchange with the rest of the Delta than other tidal lakes (Lucas et al. 2002) and is thus a relatively stable environment, with warmer temperatures and less variability than other tidal lakes. Based on the ordination, temperature was not important to fish distribution despite a temperature gradient across tidal lakes. The mean of summer temperatures in Sherman Lake is roughly 2°C lower than other lakes. Although not above physiological maxima, the higher temperatures in the interior of the Delta are not preferred by many native fish species (e.g., tule perch, delta smelt; Moyle 2002), just as the cooler temperatures in Sherman Lake are relatively undesirable for many warm-water non-native fishes (e.g., largemouth bass; Moyle 2002) . For many non-native species, however, this temperature variation falls within the temperature ranges they experience in their native ranges, and thus, temperature may not affect non-native distribution.
Relatedly, the inter-lake distribution of many euryhaline native fishes (e.g., Sacramento splittail and tule perch) and native fishes highly tolerant of warm temperatures (e.g., hitch, Sacramento sucker) suggests that water quality variables were not the sole distributional driver. Rather, either other aspects of the environment were unsuitable or these native fishes are excluded by non-native fishes via predation or competition rather than a direct relationship with salinity, temperature, or turbidity. Many of these non-native species, such as largemouth bass and bluegill, have been shown to negatively impact native fish communities in other regions (Jackson 2002; Maezono and Miyashita 2003) .
Fish Habitat Associations Within Tidal Lakes
Aquatic vegetation is widely recognized as an important element structuring aquatic communities and habitat use (Carpenter and Lodge 1986) ; therefore, the importance of vegetation in our study was not surprising. Submersed aquatic vegetation coverage in the Delta has increased due to the proliferation of E. densa and other SAV species since the 1980s (Hestir 2010; Santos et al. 2011) , commensurate with an increase in many non-native littoral fish species (Brown and Michniuk 2007) . In our study, these non-native littoral fish species (e.g., largemouth bass, redear sunfish, bluegill, and golden shiner) were positively associated with SAV, a finding consistent with previously documented habitat associations for largemouth bass in the Delta (Conrad et al. 2016) . The positive association of tule perch with SAV was expected given the species' affinity for emergent vegetation, overhanging riparian vegetation, and complex cover in other California ecosystems (Moyle 2002) . Aquatic macrophytes are often associated with decreased catchability of fishes by electrofishing (Zalewski and Cowx 1990) , and so it is unlikely that the positive association of these fish species with SAV is a result of sampling bias. Instead, since catchability was likely lower in areas of high SAV coverage, these results are conservative estimates of habitat associations for these species.
Although each of these fish species was associated with increased SAV cover, SAV species composition had only moderate influence. Egeria densa is widely suspected of facilitating the spread of non-native littoral fishes; however, none of the modeled non-native fishes displayed any preference for E. densa. This discrepancy may reflect the density and complexity of the different SAV species, as E. densa has the highest density (g SAV m −3 ) relative to other Delta macrophytes (Conrad, unpublished data) . Foraging efficiency, and thus growth and survival, of both adult and juvenile fishes can decline once habitat complexity exceeds some threshold (Valley and Bremigan 2002) , and therefore, thick stands of E. densa may provide less-than-optimal foraging habitat. Despite the similarity in response of native and non-native fishes to SAV and other finescale habitat variables, there was minimal overlap in distribution. Tule perch was dominant in Sherman Lake, while the sunfishes were increasingly more abundant from west to east. This pattern suggests that a primary distributional driver of some native littoral fishes is prevailing environmental gradients (e.g., salinity, turbidity) in conjunction with presence of non-native species, which can displace native fish species, rather than simply the distribution of SAV.
Conservation and Management Implications
The results of our study provide insight into the likely outcomes of intentional (or unintentional; e.g., levee failure) habitat restoration activities in the Sacramento-San Joaquin Delta. To illustrate these potential restoration outcomes, we framed our interpretations of statistical modeling results with a conceptual model of fish-habitat relationships based on Smith and Powell (1971) . This conceptual model (Fig. 6 ) hierarchically applies physical and biological habitat features as filters to the local species pool, which here consists of fish species modeled with GLMMs and three other species which exhibited clear distributional differences based on ordination results (bigscale logperch, hitch, Sacramento splittail). Based upon this conceptual model, habitat variability and position along the estuarine salinity gradient should be a key consideration for managers evaluating habitat restoration actions. This is particularly evident at the two lakes which reflect the extremes of the estuarine gradient sampled in our study, Sherman Lake and Mildred Island. Non-native species are favored in the stable, freshwater environment of Mildred Island, while native species are favored in the brackish, dynamic environment of Sherman. In this example, we show how physiological tolerances and preferences can limit or exclude species sensitive to salinity or temperature, how biotic interactions may plausibly limit native fish CPUE, and how microhabitat availability may limit fish distributions. For example, the native species hitch and Sacramento splittail were only found in marsh microhabitats in Sherman Lake, and that microhabitat was lacking entirely from Mildred Island. The role of SAV in this conceptual framework and its effect on local species assemblages are of particular interest to resource managers in this system ). The concomitant proliferation of non-native SAV and non-native fish species has caused concern that habitat restoration actions without a non-native SAV control measure of some form will provide benefits to non-native species to the detriment of native species (Brown 2003; Herbold et al. 2014 ). Our study found that each sampled lake was heavily dominated by non-native SAV (primarily E. densa) in all areas of suitable elevation (0.5-3 m below sea level), despite position along the estuarine salinity gradient and associated environmental variability. This observation suggests that existing non-native SAV species such as E. densa are likely to invade virtually any permanently wetted habitat restoration project. However, there was no study-wide negative relationship between SAV and native species, suggesting that other key habitat features, either associated with the physiological tolerances of individual species or the availability of microhabitat types, can help to provide advantages to native fish species.
In summary, habitat restoration is a potentially viable tool to enhance fish populations in the Sacramento-San Joaquin Delta and other systems as well. The ecological outcomes of habitat restoration will certainly be varied and difficult to predict. Planning actions around conceptual models such as those we have developed will provide opportunities for resource managers to generate desirable results. Moreover, incorporating experimental designs within restoration projects would foster continued learning opportunities and generate information to revise and refine existing conceptual models. Table 4 Mean and standard deviation of model coefficients for all species, parameters, and models included in the analysis, including individual WAIC weights. Estimates for all coefficients derive from Hamiltonian Monte Carlo model output. All models where WAIC did not equal 0 were used for ensembles. Coefficients for environmental and species interactions relate to z-score transformed continuous parameters. Parameters not included in the best fitting models are denoted with dashes. For fish species codes see Table 1 , lake codes see In a, note that predicted values are higher than expected for observed numbers below roughly 25 and lower than expected for observed numbers above 25. b shows the same data binned into categories of catch to help identify broad trends. The model accurately or under-predicts all observed values greater than 25 or 50, and accurately or over-predicts most values under 25. This phenomenon is common with regression models, particularly of species which are not uniformly distributed across a given habitat. Similar trends were seen for all species Fig. 8 Posterior distributions of the varying tidal lake standard deviations. The narrow width for largemouth bass (LMB) suggests that the variability across lakes is low for LMB, while the increased width for bluegill (BGS) and tule perch (TUP) suggests that variability across lakes is high for these species
